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Introduction 
Global daily living needs for rice are increasing year by year because of human 
population growth in the world, and reduction of lean harvest depending on environmental 
stresses is required. Such lean harvests can be overcome by development of new rice varieties 
adaptable to stress conditions. Due to low temperature during the reproductive stage in rice, rice 
yield is dramatically decreased frequently. Shirasawa et al. (2012) have identified a QTL for cold 
tolerance at the booting stage of ‘Ukei840’, the cold tolerance of which is derived from one of 
the most tolerant cultivars, ‘Lijiangxintuanheigu’, in Yunnan province of China, in a 1.2-Mb 
region between RM7000 and RM3719 markers on chromosome 3.  In the present study, 
transgenic rice plants having genes isolated from the QTL region for cold tolerance were 
produced for evaluation of cold tolerance and the previously identified QTL was delimited by 
SSR and SNP marker analyses and nucleotide sequencing using a newly produced near-isogenic 
line having the ‘Lijiangxintuanheigu’ allele in the QTL region.   
Chapter 2.  Rice transformation with candidates for the cold tolerance gene in the QTL 
region 
Expression of four candidates, which are Os03g0790700, Os03g0806700, Os03g0793700 
and Os03g0800500, was suppressed by producing RNAi transgenic plants with Agrobacterium 
tumefaciens-mediated transformation of Oryza sativa L. cv ‘Nipponbare’.  Plant transformation 
was confirmed by Southern blot analysis in eight to thirteen independent plantlets for each gene. 
In eight regenerated lines, one to three copies of the Os03g0806700 gene were detected (Fig. 
1A). In regenerated plants transformed with the Os03g0790700 gene, three lines did not show 
insertion but the five others showed insertion of two copies of the gene (Fig. 1B). For 
Os03g0793700 and Os03g0800500 genes, each individual contained one to several copies of 
the transgenes (Fig. 2A, B).   
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At the same time, Tos17 insertion lines were searched. Among the six candidates for the 
gene responsible for cold tolerance at the booting stage, Os03g0806700 and Os03g0790700 had 
Tos17 insertion in two and six lines, respectively (https://tos.nias.affrc.go.jp/). Selected Tos17 
lines were propagated and used for transformation analysis. 
Since the Os03g0806700 gene was considered to be a probable candidate for the cold 
tolerance gene (Chapter 3), a Tos17 insertion line in Os03g0806700 was complemented with the 
Os03g0806700 gene by introducing cDNA of ‘Lijiangxintuanheigu’ and ‘Hitomebore’ under  a 
Ubiquitin promoter. Thirteen plants were selected and insertion of the transgene was confirmed 
by Southern blot analysis. Each individual contained one to several copies of the transgenes (Fig. 
3).  
The expression levels of the candidate genes were detected by real-time quantitative 
reverse transcription-PCR (qRT-PCR) in the RNAi transgenic plants of the Os03g0806700 and 
Os03g0790700 genes and compared with their expression in the ‘Nipponbare’ control plant. 
Expression was dramatically reduced in each independent line for these genes, except one line 
of Os03g0806700 (Fig. 4, 5). Morphological phenotype of the produced RNAi transgenic lines 
was not significantly different from that of ‘Nipponbare’. However, few fertile seeds were 
obtained in these RNAi transgenic lines.  
Cold-tolerance evaluation test was attempted twice in 2013 and 2014 using the 
produced RNAi transgenic lines of the Os03g0806700 and Os03g0790700 genes. After plants 
were kept for 2 months in cold water, seed fertility of them was too low to evaluate cold 
tolerance of the RNAi transgenic plants. Furthermore, even plants kept at the normal condition 
showed low seed fertility. In 2014, slight changes were made for growth conditions. 
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Unfortunately, green house became hot by breakdown of the cooling system and cold-tolerance 
test was unsuccessful.   
Chapter 3. Selection of fine recombinants for identification of the gene responsible for cold 
tolerance at the booting stage in rice 
A total of 1,440 progeny plants of heterozygous ‘HCL3-3’ and ‘HCL3-6’ were genotyped 
with RM7000 and RM3719 markers and four heterozygous recombinants were selected. Selfed 
progeny of four selected plants were analyzed with six SNP markers (qLTB3-1, qLTB3-2, 
qLTB3-4, qLTB3-7, NLSNP3-12 and C11223) by allele-specific hybridization with streptavidin-
coated magnetic beads and two types of homozygous recombinants were confirmed.  Two 
selected plants were analyzed with six SNP markers (qLTB3-1, qLTB3-2, qLTB3-4, qLTB3-7, 
NLSNP3-12 and C11223) and recombination breakpoints were identified.  Recombination 
breakpoints of ‘543-3’ and ‘671-74’ were identified to be between qLTB 3-1 and RM3719 
markers and between qLTB3-4 and NLSNP3-12 markers, respectively (Fig. 6A).  In cold-
tolerance test, both ‘543-3’(81.8%) and ‘671-74’(82.0%) lines had significantly higher fertility 
than that of ‘Hitomebore’ (74.2%) at 1% level.  These results delimited the QTL for cold 
tolerance at the booting stage to a region of about 0.8 Mb between NLSNP3-12 and RM7000 
(Fig. 6B).  
To shorten the QTL region, further 1,728 plants from the same ‘HCL3-3’ and ‘HCL3-6’ 
lines were genotyped using qLTB3-1 and qLTB3-7 SNP markers by dot-blot-SNP analysis.  A 
total of ten lines having recombination in the QTL region were selfed and four types of 
homozygous recombinants were identified using four SNP markers (Fig. 7A).  QTL regions 
derived from ‘Lijiangxintuanheigu’ in ‘540-30’, ‘539-89’, ‘594-184’ and ‘666-214’ were 
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between C11223 and RM7000, between qLTB3-4 and RM7000, between RM3719 and qLTB3-7 
and between RM3719 and qLTB3-4, respectively.  In a cold tolerance test of homozygous lines 
performed in 2014, ‘543-30’ (28.8%) and ‘539-89’ (36.1%) showed significantly higher seed 
fertility than that of ‘Hitomebore’ (14.1%), and not significantly lower than that of ‘Ukei840’, 
which is a parental line of HCL3 as a source of the ‘Lijiangxintuanheigu’ alleles (41.1%).  On the 
other hand, seed fertility of ‘594-184’ (8.9%) and ‘666-214’ (20.1%) lines were comparable to 
that of  ‘Hitomebore’ (Fig. 7B). These results enabled narrowing down of the QTL region to ca. 
285 kb between C11223 and RM7000 markers.  The cold tolerance evaluation test was repeated 
again using ‘543-30’, ‘Hitomebore’ and ‘Ukei840’ in 2015 and the higher cold tolerance of ‘543-
30’ than that of ‘Hitomebore’ was confirmed. 
Common morphologies of cold-tolerant varieties, which are larger anthers and a larger 
number of pollen grains (Satake and Shibata 1992), were investigated using ‘543-30’ and 
‘Hitomebore’.  However, differences of the anther sizes and the number of pollen grains between 
‘543-30’ and ‘Hitomebore’ were not found to be significant.  Culm length, young panicle length 
and young culm length at the booting stage were also not significantly different between 
produced NILs and ‘Hitomebore’.  Heading date of ‘543-3’ was two days later than that of 
‘Hitomebore’ in 2013, but it was not different for ‘671-74’.  Heading date of ‘543-30’ was three 
days later than that of ‘Hitomebore’ in 2015.  
Recombination breakpoints in the QTL region derived from ‘Lijiangxintuanheigu’ in 
‘543-30’ were determined by genotyping using 11 SNP markers named SqM_1 to SqM_11.  The 
QTL region derived from ‘Lijiangxintuanheigu’ in ‘543-30’ was delimited to a region of ca. 35 
kb between SqM_6 and SqM_10 markers, which contains nine SNPs (Fig. 8).  
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Out of the nine identified SNPs in the 35-kb region, two were nonsynonymous nucleotide 
change in LOC_Os03g59190 (33705755 (G to A)) and Os03g0806700 (Fig. 9). Amino acid 
substitution from valine to methionine in LOC-Os03g59190 of ‘Ukei840’ is specific to ‘Ukei840’ 
and ‘Lijiangxintuanheigu’ (Fig. 10).  This observation may suggest that LOC-Os03g59190 is a 
candidate for the cold-tolerance gene of ‘Ukei840’ derived from ‘Lijiangxintuanheigu’.  
However, LOC-Os03g59190 encodes a gag-pol-related retrotransposon protein and belongs to 
rn_16_305-type retrotransposons, eight copies of which are present in the ‘Nipponbare’ genome 
sequence.  The SNP detected in the coding region of Os03g0806700 was a variation causing a 
difference between leucine in ‘Nipponbare’ and ‘Hitomebore’ and serine in ‘Ukei840’ (Table 1).  
However, serine at this position was not specific to ‘Ukei840’ and ‘Lijiangxintuanheigu’.  It was 
also  found in some Indica cultivars (Table 2). 
Since the SNPs in the coding regions of genes may not be responsible for the difference of 
cold tolerance, gene expression of Os03g0806700, Os03g0806800, Os03g0806900, 
Os03g0807000 and Os03g0807100 was analyzed in spikelets at the booting stage by real-time 
quantitative reverse transcription-PCR (qRT-PCR) and gene expression levels were compared 
between ‘Hitomebore’ and ‘Ukei840’, which were grown in the cold-deep-water and under 
normal growing conditions in a green house.  No significant difference in gene expression levels 
was observed between ‘Hitomebore’ and ‘Ukei840’ under the normal and cold water treated 
conditions in the analyzed genes (Fig. 11). 
The presence of noncoding RNA sequences in the 35-kb region was investigated using Rice 
Genome Annotation Project Rice Genome Browser.  Interestingly, five small RNA sequences, 
i.e., smRNA62586, smRNA108824, smRNA115748, smRNA22066 and smRNA41002, were
found to be annotated at the position covering one SNP at 33735721 
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(http://rice.plantbiology.msu.edu/cgi-bin/gbrowse/rice/#search) (Fig.12).  The nucleotide at 
33735721 was adenine in ‘Ukei840’, whereas it was guanine in ‘Nipponbare’, ‘Hitomebore’, 
three Indica cultivars, and four O. rufipogon lines, indicating that the variation at 33735721 is 
specific to ‘Ukei840’ and ‘Lijiangxintuanheigu’.  There were no other SNPs having the 
‘Ukei840’-specific genotype in the delimited region.  
Conclusion 
RNAi transgenic lines were produced by four genes which were identified in a previously 
delimited region. A Tos17 insertion line in Os03g0806700 was complemented with the candidate 
gene by introducing cDNA of Os03g0806700 gene of ‘Ukei840’ and ‘Hitomebore’. However, I 
was unable to evaluate cold tolerance in an isolated greenhouse for genetically engineered plants.  
It is not easy to perform a large-scale cold-tolerance test to obtain reliable results in such a 
greenhouse.  
The previously identified 1.2 Mb QTL region was narrowed down to 35 kb by repeated 
SNP and sequencing analysis in this study. Eight SNPs were found within the narrowed region. 
Based on gene annotation and expression analysis, involvement of noncoding RNAs, which have 
been identified at a region covering the SNP position of 33735721, in cold tolerance during 
booting stage was inferred. 
20
Fig. 1. Southern blot analysis of Os03g0806700 (A) and Os03g0790700 (B) genes in RNAi 
transgenic plants. S1, S2, S3, S4 S5, S6, S7 and S8 are transgenic lines. NB indicates 
‘Nipponbare’ (control). λ/Hind III marker was taken as size markers. The GUS linker with the 
3’untranslated region of the gene was used as a probe. 
Fig. 2. Southern blot analysis of Os03g0793700 (A) and Os03g0800500 (B) genes in RNAi 
transgenic plants. S1 to S13 are independent transgenic lines. NB indicates ‘Nipponbare’ 
(control). λ/Hind III marker was taken as size markers. The GUS linker with the 3’untranslated 
region of the gene was used as a probe. 
Fig. 3. Southern blot analysis of the Os03g0806700 gene introduced into Tos17 insertion line. 
S1 to S13 are independent transgenic lines. NB indicates ‘Nipponbare’ (control). λ/Hind III 
marker was taken as size markers. NPTII was used as a probe. 
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Fig. 4. Expression of Os03g0806700 in RNAi transgenic plants. NB indicates ‘Nipponbare’ 
(control). S1, S2, S3, S5, S7 and S8 are independent transgenic lines. 
Fig. 5. Expression of Os03g0790700 in RNAi transgenic plants. NB indicates ‘Nipponbare’ 




Fig. 6. Graphical genotypes and cold tolerance of the homozygous recombinant lines 671-74 and 
543-3.  (A) HM: ‘Hitomebore’. Black boxes and white boxes indicate homozygous regions for 
‘Lijiangxintuanheigu’ alleles and ‘Hitomebore’ alleles, respectively.  Grey boxes indicate a 
heterozygous region of ‘HCL-hetero’. (B) Seed fertility of the recombinant lines under cold 
water irrigation in 2013.  The same letter in the graph means that there was no significant 
difference at P<0.01 (Tukey’s test). 
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Fig. 7. Graphical genotypes and cold tolerance of the homozygous recombinant lines 543-30, 
539-89, 594-184, and 666-214.  (A) ‘Hitomebore’ and ‘Ukei840’ were used as controls. Black
boxes and white boxes indicate homozygous regions for ‘Lijiangxintuanheigu’ alleles and
‘Hitomebore’ alleles, respectively.  Grey boxes indicate a heterozygous region of ‘HCL3-hetero’.
(B) Seed fertility of the recombinant lines under cold water irrigation treatment in 2014.  The
same letter in the graph means that there was no significant difference at P < 0.01 (Tukey’s test).
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Fig. 8. Genotyping of the cold tolerant lines ‘543-30’ and ‘594-184’ by sequencing analysis 
A: ‘Hitomebore’ allele, B: ‘Lijiangxintuanheigu’ allele.  
Fig. 9. SNPs in the delimited region identified by sequencing analysis.  
* indicates the SNP in the coding region causing amino acid change.
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Fig. 10. Gene structure and the deduced amino-acid sequences of LOC-Os03g59190 in 
‘Hitomebore’, ’Ukei840’, and other plants.  Black box indicate exons. 
Fig. 12. SNP position of 33735721 at the small RNA in the intergenic region.  Black boxes 
indicate Os03g0807100 and Os03g0807200 genes, respectively.  Horizontal line indicates an 
intergenic region.  A black dot indicates the SNP identified in the intergenic region.  Each grey 
bar represents a specific RNA sequence.  Dotted vertical lines indicate starts and ends of small 
RNAs. 
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Fig.11. Expression of five genes located in the delimited candidate region in ‘Hitomebore’ and 
‘Ukei840’ under normal and cold treated conditions. 
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Table 1. Amino acid substitution caused by SNPs between ‘Hitomebore’ and ‘Ukei840’ 
Gene name Amino acid Annotation 
Hitomebore Ukei840 
LOC_Os03g59190 Val Met Retrotransposon protein, putative, 
unclassified, expressed 
Os03g0806700 Leu Ser Protein of unknown function DUF868, plant 
family protein 
Table 2 SNPs in the delimited region 
Cultivars 
Positons on Chr. 3 (bp) in International Rice Genome Sequencing Project 
ver. 1.0 of cv. 'Nipponbare' 
33702313 33707319 33713083 33722634 33735721 33737410 
Ukei840 G A C A A T 
Nipponbare A G T C G G 
Hitomebore a A G T C G G 
Koshihikari b A G T C G G 
RP Bio-226 c G G C C G G 
Kasalath G ーe C C G T 
Basmati G ーe C C G T 
W0120 d G ーe C C G T 
W0180 d G ーe C C G T 
W1807 d G ーe C A G T 
a, GenBank accession no. DD000055.1 
b, GenBank accession no. DD000027.1 
c, GenBank accession no. CP012611 
d, Wild rice lines (Oryza rufipogon) are listed on the 'Oryzabase' 
(http://www.shigen.nig.ac.jp/rice/oryzabase/) 
e, Fragment including the SNP was not amplified. 
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